Abstract. 'Hull Thornless' and 'Black Satin' blackberry (Rubus spp.) canes were collected from Sept. 1989 through Mar. 1990 to determine the hardiness and supercooling characteristics of buds at various stages of development. Anatomical studies were also conducted to examine the location of ice voids in buds frozen to -5 or -30C. Differentiation of the terminal flower occurred in 'Black Satin' buds by 6 Nov., whereas 'Hull Thornless' buds remained vegetative until early spring. As many as nine floral primordia were observed in both cultivars by 12 Mar. The hardiness of the two cultivars was similar until February. Thereafter, 'Black Satin' buds were more susceptible to cold injury than those of 'Hull Thornless'. Flora1 and undifferentiated buds of both cultivars exhibited one to four low temperature exotherms (LTEs) from 9 Oct. to 12 Mar. in differential thermal analysis (DTA) experiments. The stage of flora1 development did not influence the bud's capacity to supercool. The number of LTEs was not related to the stage of floral development or to the number of floral primordia. Extracellular voids resulting from ice formation in the bud axis and scales were observed in samples subjected to -5 or -30C.
that the supercooling characteristics of differentiating Rubus floral primordia may be related to the formation of extracellular ice within buds (Schaffer et al., 1991b) .
The purpose of this study was: 1) to compare the susceptibility of 'Black Satin' and 'Hull Thornless' blackberry buds to low temperature injury at various stages of floral development, 2) to determine if there is a relationship between floral morphology and the supercooling characteristics of buds, and 3) to examine the location of ice formation in bud tissues.
Materials and Methods
Sampling. 'Hull Thornless' and 'Black Satin' canes were collected from 6-year-old plants at the Appalachian Fruit Research Station, Kearneysville, W.Va. Samples were obtained at 1.2 ± 0.2 m above the soil surface on 11 Sept., 9 Oct., 6 Nov., and 11 Dec. 1989 and 8 Jan., 5 Feb., 25 Feb., and 12 Mar. 1990 for DTA, viability tests, and floral stage ratings. 'Hull Thornless' samples were also collected on 29 Mar. At the last collection, one group of samples was selected that had tightly closed buds. The second group of samples had 2 cm of growth from the buds. From 6 Nov. 1989 through 29 Mar. 1990 , 10 to 31 buds of both cultivars were placed in formalin-acetic acid-alcohol (FAA) fixative (Sass, 1958) at each sampling date, and the developmental stage of each sample was recorded according to the rating system (Table 1) described by Takeda and Wisniewski (1989) .
Canes collected for viability tests and DTA were sealed in plastic bags containing moist paper towers, packed on ice, and shipped by overnight mail to the Univ. of Missouri. Samples were stored at 2C until freezing tests were performed.
Viability tests. All viability tests were conducted within 48 h of receiving the plant material. Five, two-node cane sections were placed in moist cheesecloth and wrapped in aluminum foil Abbreviations: DTA, differential thermal analysis; FAA, formalin-acetic acidalcohol; LTEs, low temperature exotherms. for each of the six test temperatures. Tissue temperature was monitored with 0.51-mm-diameter (24-gauge) copper-constantan thermocouples attached to the samples. Thermocouple output was recorded on a Honeywell Electronik 112 multipoint recorder (Honeywell, Fort Washington, Pa.). Samples were placed in a programmable freezer (Tenney Engineering, Union, N.J.) and kept at -3C for 12 h. During this time, the cheesecloth froze and seeded the tissue with ice at about -1C. After the 12 h, samples were cooled at 3C/h and removed from the freezer at 3C intervals at temperatures estimated to result in bud injury. The tissue was then thawed in a refrigerator at 2C for 24 h. Unfrozen controls, maintained at 2C during the freezing test, and samples that were subjected to freezing were then incubated at 23 ± 2C at 100% relative humidity (RH) for 7 days. Afterward, buds were sectioned with a razor blade and examined for oxidative browning under a dissecting microscope at × 40. The number of injured and uninjured floral primordia were recorded, and a modified Spearman-Karber equation (Bittenbender and Howell, 1974 ) was used to calculate T 50 values for buds at each sampling date. The temperature at which all visible primordia were injured was used as the highest lethal temperature in the equation. Data were subjected to an analysis of variance and means were compared by a t test. DTA. Intact primary buds were removed from canes with a small section of adjacent stem tissue. Each sample was wrapped in moistened cheesecloth (to seed the tissue with ice), placed in an aluminum foil cup, and attached to a thermistor in the DTA system described by George (1982) . An empty aluminum foil cup was also placed in contact with the reference sensor to balance the heat capacity of the reference and sample chambers. The temperature was lowered rapidly to 0C and cooling at 3C/ h was initiated when the bud temperature was within 1C of the reference temperature. Data were collected at 40-sec intervals until the sample temperature reached -40C.
After DTA was completed, buds were removed from the freezing chamber and fixed in FAA. Samples were then mailed to the Appalachian Fruit Research Station, where the developmental stage of each bud was recorded. Regression analysis was performed to determine the relationship between the number of LTEs per bud and the stage of floral bud development.
Freeze-fixation. From January to March, 'Black Satin' and 'Hull Thornless' samples were collected for freeze-fixation to examine the location of extracellular ice in frozen buds. The basal end of a cane with one bud was dipped in a colony of an ice nucleation active strain of Pseudomonas syringae (van Hall) to initiate ice formation, and individual samples were placed in test tubes with the basal end of the cane in 1 ml of deionized water. Test tubes were submerged in a circulating ethylene glyco1 bath (Neslab Instruments, Portsmouth, N.H.) at 0C for 30 min and cooled at 5C/h to a tissue temperature of -30C. Tissue temperature was monitored with 0.25-mm-diameter (30-gauge) copper-constantan thermocouples attached to individual buds. A datalogger interfaced to a computer (Dianachart, Rockaway, N.J.) recorded temperatures at 30-sec intervals. Samples were then warmed to -5C, immersed in a precooled (-5C) solution of 8% formaldehyde (v/v), and fixed while frozen as described by MacKenzie et al. (1975) . Specimens remained in the fixative for 7 days at -5C. The formaldehyde solution was then replaced with 50% ethanol precooled to -5C, and kept at this temperature for 30 min. After warming the samples to 23C, the tissue was dehydrated in a graded ethanol series. Buds were then bisected longitudinally with a razor blade in absolute ethanol and immersed in two additional exchanges of absolute ethanol. Samples were critical-point dried with CO 2 , sputter coated with gold-palladium, and examined on a SteroScan 120 microscope (Cambridge Instruments, Cambridge, England) operated at 10 kV. Additional samples were subjected to freeze-fixation at -5C, and nonfrozen controls were fixed in FAA and prepared for scanning electron microscopy as described above.
Results and Discussion
Enlargement of the inflorescence apex (stage 3) was observed in 'Black Satin' buds collected on 6 Nov. (Fig. 1) . Buds remained at this stage of bud development through January. Sepal initiation and enlargement (stage 4) was observed on the terminal flower of the A 1 axis of some buds on 6 Feb. The receptacle of the terminal flower in most 'Black Satin' buds had elongated, with sepals and petals visible in an alternate arrangement (stage 6) on 12 Mar. In contrast, most 'Hull Thornless' buds remained vegetative (stage 1) through 6 Feb. Development of the inflorescence axis (stage 2) was apparent on 25 Feb. By 26 Mar., sepals on the terminal flower had begun differentiation (stage 4) in most samples. Takeda and Wisniewski (1989) (Table 2) . Thereafter, 'Black Satin' buds had higher T 50 values than those of 'Hull Thornless'. Both cultivars had the lowest T 50 value in December and deacclimated rapidly after 25 Feb. In the 12 Mar. test, nearly all 'Black Satin' buds started to grow during the incubation period following the freezing treatment. In contrast, very few of the 'Hull Thornless' buds grew during incubation. When 'Hull Thornless' buds were tested on 29 Mar., those at a tight bud stage when exposed to freezing temperatures survived -9C, while samples with 2 cm of growth only survived -6C.
In September and October, buds of both cultivars were at stage 1 with no apparent differentiation of terminal or lateral floral primordia (Table 2) . By 6 Nov., one to five floral primordia per bud were observed in 'Black Satin' samples. Nine floral primordia were evident in 73% of the buds by 8 Jan. By 25 Feb., all samples examined had nine floral primordia per bud. In contrast, multiple floral primordia were not observed in 'Hull Thornless' buds until 12 Mar. Seven buds from the March collection had nine floral primordia each, but the terminal flower on the inflorescence axis was not developed in more than half the buds. In earlier work, Takeda (1987) observed as many as 40 flowers per inflorescence during bloom in 'Black Satin' and 'Hull Thornless'. Although there might have been more floral primordia present in blackberry buds in this study, only nine were distinguishable with a dissecting microscope at x 40.
DTA. No LTEs were detected by DTA at the September collection date (Tables 3 and 4) . In October, all but one 'Black Satin' bud exhibited a LTE. One or two LTEs were present in half of the 'Hull Thornless' buds subjected to DTA. From 6 Nov. to 12 Mar. one or two LTEs per bud were generally detected in each cultivar (Fig. 2) . However, one sample of each cultivar collected on 6 Nov. exhibited four LTEs. The reason for the increased number of LTEs during November is unclear. By 29 Mar., 'Hull Thornless' samples that had 2 cm of growth from the buds did not exhibit LTEs.
The temperature range of LTEs measured within individual buds was as great as 16C. There was also considerable variability in the LTEs of buds within each collection date. This type of variability in DTA results has been previously reported in similar studies with 'Dirksen' and 'Shawnee' blackberry (Warmund and George, 1989 George, , 1990 . Because of the varying LTE number and range of temperatures, it was difficult to compare DTA results with those obtained from viability tests. The ability to conduct DTA on numerous buds (i.e., a larger sample size) and viability tests simultaneously would facilitate the comparison of these experimental results. In spite of these difficulties, the relationship between injury observed in viability tests and LTEs measured by DTA has been confirmed in blackberry (Warmund et al., 1988) and numerous fruit species (Andrews et al., 1984; Andrews and Proebsting, 1987; Biermann et al., 1979; Quamme, 1974) .
In Prunus avium L. thawing buds at 2C for 8 h increased the LTE,,, (median low temperature exotherm) by ≈ 8C (Andrews and Proebsting, 1987) . After 24 h of thawing, the LTE,, stabilized at -20C, which was the minimum hardiness level. In our study, blackberry buds did not appear to deacclimate with storage at 2C. For example, LTEs detected from 'Black Satin' buds on 9 Jan. were at a higher temperature than those detected from buds tested on 14 Jan.
When the number of LTEs per bud was regressed with the stage of bud development, the goodness of fit values for 'Black Satin' and 'Hull Thornless' samples were 0.053 and 0.007, respectively. Thus, the number of the LTEs was poorly correlated to the stage of bud development. Additionally, the number of floral primordia on the inflorescence axis did not correspond to the number of LTEs per bud. These results indicate that several floral primordia froze simultaneously in buds that had multiple primordia since one to four LTEs were detected per sample.
Freeze-fixation. All bud tissues and the adjacent bud axis were intact in the nonfrozen control samples fixed in FAA (Fig.  3A) . Extracellular voids were present in the scales surrounding the inflorescence and in the bud axis of samples that were frozen to -5 or -30C and freeze-fixed (Fig. 3B) . However, voids or tissue aberrations were absent in the inflorescence axis and in developing floral primordia of 'Black Satin' and 'Hull Thornless' buds, indicating that large extracellular ice crystals did not form in these tissues. The absence of voids in portions of the inflorescence above the bud axis following exposure to -30C was surprising and in contrast to the observations previously reported for Prunus persica (L.) Batsch (Ashworth et al., 1989) .
Floral primordia in buds of several Rubus spp. survive freezing by retaining a fraction of water in a supercooled state (Kraut et al., 1986; Warmund and George, 1990) . However, the supercooling characteristics differ among cultivars and species. Floral primordia in buds of the erect, thorny 'Darrow' blackberry were injured by intracellular ice formation associated with a single LTE when few differentiated primordia were present in early fall (Warmund et al., 1988) . In midwinter, when nine floral primordia were evident, most primordia nucleated and froze independently. In other Rubus spp., such as 'Reveille' and 'Nordic' red raspberry and 'Shawnee' and 'Dirksen' blackberry, LTEs detected in DTA were associated with freezing injury, but their number did not correspond to the number of differentiated floral primordia George, 1989, 1990) . Results from our study demonstrate that 'Black Satin' and 'Hull Thornless' buds have similar supercooling characteristics to the latter group of Rubus spp.
In P. persica, supercooling of the floral primordium was re- lated to vascular development in the bud axis (Ashworth, 1982 (Ashworth, , 1984 . When vascular tissues were procambial, the floral primordium supercooled. However, this capacity to avoid freezing was lost when vascular continuity was established between the floral primordia and bud axis. In 'Dirksen' blackberry, supercooling also occurred before development of vascular continuity (Schaffer et al., 1991a) . Tissue voids resulting from extracellular ice formation have been reported in Rubus (Schaffer et al., 1991b) , Prunus (Ashworth et al., 1989) , and Forsythia (Ashworth, 1990) . Schaffer et al. (1991b) proposed that extracellular ice lens formation influenced the supercooling characteristics of differentiating 'Darrow' buds. Voids were present in bracts and floral primordia in 'Darrow' buds collected from the field in January. The formation of these lenses corresponded with the capacity of individual primordia to supercool and freeze independently. Thus, ice lenses may isolate differentiated flowers within the bud. In contrast, voids from extracellular ice were present only in the bud axis and scales in 'Shawnee' and 'Dirksen' buds collected at the same time (Schaffer et al., 1991b) . The absence of extracellular ice in the developed floral primordia and the subtending bracts may limit the capacity of primordia of these cultivars to freeze independently and produce several LTEs in DTA. Results from DTA and freeze-fixation experiments in this study indicate that extracellular ice formation in 'Black Satin' and 'Hull Thornless' is similar to that in 'Shawnee' and 'Dirksen' buds.
In conclusion, 'Black Satin' buds developed floral primordia and differentiated floral structures much earlier than those of 'Hull Thornless'. However, the capacity of these blackberry buds to supercool and produce LTEs did not correspond to bud development stages or the number of floral primordia per bud. Extracellular ice formed voids in the bud axis and scales of buds -subjected to -5 or -30C.
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